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Abstract: Tuning phonon transport to reduce the lattice thermal conductivity (κL) is crucial for 
advancing thermoelectrics (TEs). Traditional strategies on κL reduction focus on introducing 
scattering sources such as point defects, dislocations, and grain boundaries, that may degrade the 
electrical conductivity and Seebeck coefficient. We suggest here, a novel twin boundary (TB) 
strategy that can decrease the κL of Mg2Si by ~90%, but which may not degrade the electrical 
properties significantly. We validate this suggestion using density functional theory (DFT). We 
attribute the mechanism of TB induced κL reduction to (i) the lower phonon velocities and larger 
Grüneisen parameter, (ii) “rattling” of the Mg−Mg pair induced soft acoustic and optical modes, 
(iii) shorter phonon lifetime and higher phonon scattering rate. We predict that the size of 
nanotwinned structure should be controlled between 3 nm and 100 nm in the Mg2Si matrix for the 
most effective κL reduction. These results should be applicable for other TE or non TE energy 
materials with desired low thermal conductivity, suggesting rational designs of high-performance 
Mg2Si TE materials with low κL for the energy conversion applications. 
 
Keywords: Mg2Si Thermoelectric Material; Thermal Conductivity; Nanotwinning; Density 
Functional Theory         
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1. INTRODUCTION 
        Since the 20th century, overconsumption of fuel oils and the resulting energy crisis has been 
increasingly causing such environmental issues as global climate change, acid rain pollution, and 
marine pollution. Solid-state thermoelectric (TE) technology, enabling direct conversion between 
heat and electricity without moving parts, offers the possibility for relieving the current energy 
crisis [1,2]. The widespread application of TE technology requires TE materials with high 
conversion efficiency, which is characterized by the materials’ dimensionless figure of merit zT, 
zT = S2σT/(κE+κL), where S, σ, κE, κL, and T are the Seebeck coefficient, electrical conductivity, 
electronic thermal conductivity, lattice thermal conductivity and absolute temperature, 
respectively [1-5]. To achieve a high zT value, TE materials should have a high Seebeck 
coefficient, a high electrical conductivity, and a low total (electronic and lattice) thermal 
conductivity. 
        The current strategies for enhancing the zT value are mainly focused either on improving the 
power factor (S2σ) by tailoring the electrical transport properties [6,7] or on reducing κL through 
phonon scattering [8-11]. Due to the strong correlation between S, σ, and κE, traditional strategy 
of carrier optimization is often not very effective in improving zT [1,12,13]. Two decades ago, 
Dresselhaus et al. proposed a concept of quantum confinement for effectively decoupling the 
correlation between S, σ, and κE [14,15]. Then, various effective band modification approaches 
(such as band convergence [16-18], distortion [19], and nestification [20].) were developed to 
decouple these three parameters and enhance the S2σ and zT. Alternatively, exploring effective 
reduction strategies for κL (the only independent parameter) or seeking low κL materials has 
consistently led to advances in high-performance TE materials [21-26]. For example, the 
extraordinary ‘liquid-like’ behavior in Cu2-xSe results in an intrinsically low κL of 
0.4 W m−1 K−1 and a zT of 1.5 at 1000 K [21]. In SnSe single crystals, The lattice anharmonicity 
leads to an exceptionally low κL of 0.23 ± 0.03 W m−1 K−1 and an unprecedented zT of 2.6 ± 0.03 at 
923 K [22,23]. In such TE materials as MgAgSb [24], Ag5-δTe3 [25], and Ag8SnSe6 [26], the  
complex crystal structure or weak chemical bonds leads to low heat capacity or low speed of 
sound, well explaining the low intrinsic κL of < 0.5 W m−1 K [24-26]. Introducing phonon 
scattering sources such as point defects [27-29], dislocations [30-32], grain boundaries [33-35], 
can effectively shorten phonon relaxation time, giving rise to reduction in κL.  Multiple fillers in 
CoSb3 can achieve broad-frequency phonon scattering, reducing κL to the glass limit value of 
0.2 W m−1 K−1, and leading to an extremely high zT of 1.7 at 850 K [29]. Full-spectrum phonon 
scattering, which was achieved through grain boundary, dense dislocation arrays, and point defect, 
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leads to a substantially lower κL of 0.33 W m−1 K−1 and a dramatic high zT of 1.86 at 320 K in 
Bi0.5Sb1.5Te3 bulk alloys [30].   
        Twin boundaries (TBs), a thermodynamically stable planar defect, could provide another 
phonon scattering source to effectively suppress κL [36-38]. Ren. et al. prepared nanotwinned 
InSb and found that phonons can be scattered by TBs [36]. Shin. et al. found TB induced crystal 
defect reduced κL from 1.9 to 1.4 W m−1 K−1 for twin-contained Bi2Te3 nanowires [37]. Zhou et al. 
found that nanotwins in PbTe can effectively reduce κL [38]. These findings suggest that TBs play 
significant roles in phonon scattering and κL reduction without degrading electronic transport 
properties. However, the determining factors for TB induced κL reduction and the underlying 
scattering mechanisms remain unexplored.  
        To understand the role of TB on κL and the underlying phonon scattering mechanism, we 
carried out DFT phonon calculations and solved the linearized Boltzmann equation to examine 
the phonon transport properties of single crystalline and nanotwinned Mg2Si. We find that TB can 
reduce κL by ~ 90%, as shown in Fig. 1. At 300 K, the κL of nanotwinned Mg2Si is 1.42 and 1.20 
W m−1 K−1 along the a and c axis, respectively, only ~10% of that (11.8 W m−1 K−1) in single 
crystalline Mg2Si. We attribute this remarkable κL reduction to the following three mechanisms: 
(i) lower phonon velocities and larger Grüneisen parameter, (ii) “rattling” of the Mg−Mg pair 
induced soft acoustic and optical modes, (iii) shorter phonon lifetime and higher phonon 
scattering rate in nanotwinned Mg2Si.  
        The density of nanotwins is closed related to the various properties of nanotwins. Studying 
how density of nanotwins influences the κL requires large-scale atomic simulations such as 
molecular dynamics. This will be considered as a future study. 
2. METHODOLOGY 
        All density functional theory (DFT) calculations were performed within the VASP code 
using the projector augmented wave (PAW) method [40-42]. The Perdew-Burke-Ernzerhof (PBE) 
version of the generalized gradient approximation (GGA) was adopted to describe the exchange 
correlation interaction [43].  
        Г-centered symmetry reduced Monkhorst-Pack meshes with a fine resolution of 2π × 1/40 
Å−1 were used to sample the k-points in the first Brillouin zone. An energy cutoff of 500 eV was 
used for the plane-wave expansion, with the electronic energy and force convergence criteria of 
1×10-6 eV and 1×10-2 eV/Å, respectively.  
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        Phonon dispersion calculations were carried out with the PHONOPY package using the 
frozen phonon method [44]. The 3×3×3 supercell (81 atoms) for flawless Mg2Si and 3×3×1 
supercell (162 atoms) for nanotwinned Mg2Si were chosen for the second order force constant 
calculations. The third order force constants of the flawless and nanotwinned Mg2Si were 
computed using the thirdorder.py code with 3×3×3 and 2×2×1 supercells [45]. The phonon 
lifetime, scattering rate, and κL were carried out within the ShengBTE code by solving the 
Boltzmann transport equation [46]. 
3. RESULTS AND DISCUSSION         
        Mg2Si crystalizes in a face centered cubic (FCC) structure with space group 3Fm m (225). 
The unit cell contains 8 × Mg and 4 × Si atoms with Mg occupying the (1/4, 1/4, 1/4) site and Si 
occupying the (0, 0, 0) site (Fig. 2(a)). Each Mg atom is tetrahedrally coordinated to Si atoms 
with a Mg−Si bond length of 2.75 Å. The shared electron localization function (ELF) isosurfaces 
between Mg and Si atoms imply covalent character of the Mg−Si bond (Fig. 2(b)). Our optimized 
lattice parameter is a = 6.359 Å, only 0.1% larger than the experimental value of 6.351 Å at room 
temperature [47].  
        Previous experimental results showed that the most stable coherent twin of Mg2Si is the 
deformation twin with TBs along the {1-1-1} plane [48]. Here, we utilized DFT to relax the 
initial nanotwinned Mg2Si and then determined the stable atomic geometry, leading to the 
structure shown in Fig. 2(c). The nanotwinned structure contains 24× Mg and 12 × Si atoms with 
lattice parameters a = 7.74 Å, b = 4.47 Å, c = 22.94 Å, α = β = γ = 90° (Fig. 2(c)) This leads to a 
hexagonal primitive cell containing 12× Mg and 6 × Si atoms, as shown in Fig. S1 in the 
Supporting Material. The twin spacing is 1.15 nm with Si atoms sitting in the TB. Within the TB, 
two Mg−Mg bonds form, coupling the upper and lower half of the twinned structure. This 
Mg−Mg length (2.55 Å) is shorter than the covalent bond length (2.85 Å) [50] and much shorter 
than the metallic bond (3.20 Å) [51], implying covalent character for the Mg−Mg interaction in 
the TB. The Mg−Si bond length in the TBs is 2.88 Å, which is 0.13 Å longer than that (2.75 Å) in 
single crystalline Mg2Si. This leads to a much weaker Mg−Si bond in the TBs than that in the 
Mg2Si crystal. The upper half of the nanotwinned Mg2Si is the (1-1-1)[1-12] slip system, while 
the lower half is (1-1-1)[-11-2]. Our previous DFT simulations suggested that the (1-1-1)[-11-2] 
slip system is the most likely under pressure [49]. These results explain why the shear stress 
induced during the synthetic processing can generate this deformation twin experimentally [48]. 
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        An inherently low κL generally arises from low phonon velocities (vs) and larger Grüneisen 
parameters (γG). We first calculated the vs, extracted from the slope of phonon dispersion around 
Г point (Fig. 3). As listed in Table. 1, we calculate that vs = 3915 m/s for nanotwinned Mg2Si to 
be 13% lower than that (4427 m/s) of single crystalline Mg2Si. This decrease is probably because 
the TB leads to a bond length (2.88 Å) 4.7% longer than that in the flawless crystal (Fig. 2). This 
weaker Mg−Si bonding interaction leads to a softer structural rigidity, resulting in lower vs in the 
nanotwinned structure. To determine the structural stability of flawless and nanotwinned Mg2Si, 
We calculated the elastic matrix elements (See Table S1 in the SM) and used the Voigt-Reuss-
Hill relationship to calculate the B and G (Table. 1) [52]. We found that G = 32.4 GPa in 
nanotwinned Mg2Si is significantly lower (36%) than that (50.6 GPa) in the flawless crystal. This 
indicates that the global structural rigidity of nanotwinned Mg2Si is weaker than that in flawless 
Mg2Si, even though a covalent Mg−Mg bond forms in the nanotwinned structure. This provides 
another explanation of why the vs in nanotwinned Mg2Si is lower than that in its flawless crystal.  
        The Grüneisen parameter (γG) characterizes the strength of lattice anharmonicity, providing 
another intrinsic material parameter related to the physical nature of thermal transport behavior. 
The γG of flawless Mg2Si is 1.38 (Table 1), which is higher than that of single crystalline CoSb3 
(0.92) [53]. This explains why flawless Mg2Si with simple unit cell, light elements and large 
phonon velocity (4427 m/s) possesses a comparable κL (11.8 W/mK at room temperature) with 
single crystalline CoSb3 (10 W/mK) [53]. The calculated γG of nanotwinned Mg2Si is 1.49 (Table 
1), higher than that of flawless Mg2Si. The larger γG reflects a higher lattice anharmonicity in the 
nanotwinned Mg2Si. As the nanotwinned Mg2Si is mechanically sheared, the antisymmetric 
deformation of upper and lower half part leads to the distorted TB [49]. While the Mg-Si 
framework uniformly resists the deformation in flawless Mg2Si [49]. Because of the weaker 
Mg−Si bond in the TB discussed above, the TB rigidity is much softer than the Mg-Si framework. 
This explains why the nanotwinned Mg2Si exhibits a larger anharmonicity than the flawless 
crystal. 
        To determine the underlying mechanism of the extremely low κL for nanotwinned Mg2Si, we 
investigated the phonon dispersion along the high-symmetry directions and the phonon density of 
states (PDOS) of single crystalline and nanotwinned Mg2Si, as shown in Fig. 3. We highlighted 
the acoustic modes with different colors because they are expected to play significant roles in the 
thermal transport. For frequencies less than 125 cm-1, the Mg and Si atom in flawless Mg2Si 
contribute equally to acoustic phonon branches (Fig. 3(c)). However, at high frequencies (>125 
cm-1), the longitudinal acoustic (LA) phonon branches strongly overlap with the optical phonon 
modes along the Г – X and Г – K directions (Fig. 2(b)). We attribute these behaviors to the 
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similar atom masses between Mg and Si elements. Avoided crossings between the LA and optical 
branches along the Г – K and Г – L directions lead to suddenly decreased LA phonon energy. 
This softening of the phonon mode arises from avoided crossings, providing another reason why 
flawless Mg2Si possesses an κL comparable with CoSb3 [53]. In nanotwinned Mg2Si, we observed 
similar avoided crossings along the Г – M and Г – K directions, leading to flat LA phonon 
dispersions with a maximum frequency of 115 cm-1. This value is much lower than the maximum 
LA phonon frequency (288 cm-1) in flawless Mg2Si. As shown in Fig. 3(e), the transverse 
acoustic (TA’) phonons in nanotwinned Mg2Si are also flat and soft. The avoided crossings 
induced acoustic phonon softening similar to that found in other low κL TE compound such as 
full-Heusler Ba2AuBi [54] and filled CoSb3 [55]. Thus, we attribute the origin of low κL to the 
atomic rattling in these compounds. Analogously to clathrates, we attributed the flat and soft 
acoustic modes to the Mg−Mg pair “rattling” in the TB (Fig. 3(f)). The Mg1 atoms in the TB are 
linked with each other with a strong Mg−Mg covalent bond of 2.55 Å (Fig. 2(b) and Fig. 3(f)), 
but the Mg1 interacts more weakly with the Si1 atom with the longer Mg−Si bond of 2.88 Å (Fig. 
2(b) and Fig. 3(f)). Thus we suggest that the Mg−Mg pair behaves as a rattling center that scatters 
heat-carrying phonons, similar to the guest atom in clathrate CoSb3. This is consistent to the 
PDOS (Fig. 3(f)), which shows clearly that the Mg1 atom in the TB dominates the contribution of 
low energy phonons (65 to 115 cm-1). In addition, the lattice distortion caused by the Mg−Mg pair 
also leads to low frequency optical phonons. The lowest optical phonon is only 25 cm-1 at A point 
(Fig. 3(e)). This value is much lower than that of flawless Mg2Si (145 cm-1), and even lower than 
that of other low κL TE compounds, such as filled CoSb3 (42 cm-1) [55]. These soft acoustic and 
optical phonons in nanotwinned Mg2Si demonstrate the “rattling” of the Mg−Mg pair as a 
mechanism by which the TB lowers κL of Mg2Si.      
        To further understand the role of TBs on thermal transport, we calculated the phonon 
lifetime as a function of frequency for nanotwinned and flawless Mg2Si at room temperature, as 
shown in Fig. 4. The phonon lifetimes show the general trend that low frequency acoustic 
phonons have longer lifetimes than high frequency optical phonons [56]. We find that the phonon 
lifetimes of nanotwinned Mg2Si are much shorter than those of flawless Mg2Si. This indicates 
much stronger scattering in nanotwinned Mg2Si, which we attribute mainly to resonant scattering 
caused by the Mg−Mg pair “rattling” in the TB. In nanotwinned Mg2Si, acoustic phonon lifetimes 
show a dip at the frequency of 82 cm-1 and 115 cm-1 which corresponds to the flat LA and TA’ 
phonons as shown in Fig. 3(e). This is another indication that soft LA and TA’ phonons enhance 
the phonon scattering.  
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        The shorter phonon lifetimes are due to higher scattering rate, as shown in Fig. 5. Here the 
three-phonon interaction of absorption (Г+: λ + λ’→λ’’) and emission (Г-: λ→λ’ + λ’’) processes 
for flawless Mg2Si and nanotwinned Mg2Si are displayed. The peaks in Fig. 5 represent the 
scattering rate of a phonon with wavelength λ and frequency ω scattered by another phonon with 
wavelength λ’ and frequency ω’. Due to the Mg−Mg pair “rattling” (Fig. 3(f)), nanotwinned 
Mg2Si shows much stronger scattering than flawless Mg2Si in both Г+ and Г- processes. In the Г+ 
process, the soft and flat LA and TA’ phonons (Fig. 3(e)) lead to scattering peaks of nanotwinned 
Mg2Si that are much lower than those of Mg2Si. In the Г- process, the high frequency modes of 
nanotwinned Mg2Si decompose to low frequency phonons more easily. This shows that the 
“rattling” can interacts further with the high frequency optical modes, suppressing the heat 
transport carried by them. Fig. 5 shows clearly that the phonon-phonon interaction in 
nanotwinned Mg2Si is much stronger than that of flawless Mg2Si, another source of lower κL in 
nanotwinned Mg2Si.       
        To examine the impact of the phonon mean free paths (MFPs) on κL, Fig. 6 displays the 
cumulative κL as a function of MFP in flawless and nanotwinned Mg2Si at room temperature. The 
cumulative κL shows a crossover at a MFP of 2~3 nm. For the high frequency phonon modes with 
small MFPs, it is the avoided crossings between LA and optical modes (Fig. 3(b)) that are 
responsible for the cumulative κL of flawless Mg2Si being lower than that of nanotwinned Mg2Si. 
For the low frequency phonon modes with large MFPs, the resonant scattering originating from 
the Mg−Mg pair “rattling” leads to a much lower cumulative κL of nanotwinned Mg2Si than that 
of flawless Mg2Si. At the MFP of ~100 nm, the cumulative κL for flawless Mg2Si is 9.5 W/mK, 
80% of the κL (11.8 W/mK) for nanotwinned Mg2Si. This suggests that for effective κL reduction, 
the size of this nanotwin in the Mg2Si matrix should be controlled to lie between 3 nm and 100 
nm.  
4. CONCLUSIONS 
        In Summary, we applied DFT to determine the role of nanotwins on the κL of Mg2Si TE 
material. We found that the κL of nanotwinned Mg2Si (1.42 and 1.20 W m−1 K−1 along the a and c 
axis) is decreased 10 fold from that (11.8 W m−1 K−1) in single crystalline Mg2Si. We attribute this 
κL reduction to three aspects: 
(i) The weak Mg−Si bond leads to the low phonon velocity in nanotwinned Mg2Si. In 
addition, the TB induced lattice mismatch leads to the large anharmonicity. 
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(ii) The resonant scattering originated from “rattling” of Mg−Mg bond pair leads to soft 
acoustic and optical modes in nanotwinned Mg2Si.  
(iii) The shorter phonon lifetime and higher scattering rates indicate a stronger phonon-
phonon interaction in nanotwinned Mg2Si. 
For the maximum effect in reducing κL, the size of this nanotwin Mg2Si should be controlled to 
lie between 3 nm and 100 nm in the Mg2Si matrix. 
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Table:  
 
Table. 1 Calculated phonon velocities (vLA/TA/TA’, vs), Grüneisen parameter (γG), bulk modulus (B), and 
shear modulus (G) of single crystalline and nanotwinned Mg2Si, respectively. vLA/TA/TA’ is calculated by 
fitting the slope of the acoustic phonon dispersion around the Г point. The calculation method for vs and γG 
are shown in eqn. S1 and S2 in the SM.  
System 
vLA 
(m/s) 
vTA 
(m/s) 
vTA’ 
(m/s) 
vs 
(m/s) 
γG 
B  
(GPa) 
G 
(GPa) 
Single crystalline Mg2Si 7410 4036 3895 4427 1.38 54.6 50.6 
Nanotwinned Mg2Si 6754 3555 3444 3915 1.49 50.6 32.4 
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Figures: 
Figure 1: 
 
 
Figure 1. Lattice thermal conductivity (κL) of single crystalline and nanotwinned Mg2Si as a function of 
temperature, and a comparison with experimental value of bulk Mg2Si [39]. 
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Figure 2: 
 
 
Figure 2. Atomic Structures of single crystalline and nanotwinned Mg2Si. (a) Crystal structure of single 
crystalline Mg2Si showing the FCC unit cell. (b) Atomic structure of Mg2Si (with calculated isosurfaces at 
a value of 0.78 of ELF) along the a-c plane. (c) Atomic structure of nanotwinned Mg2Si (ELF = 0.78) with 
the TB along the {1-1-1} plane.  
  
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
16 
 
Figure 3: 
 
 
Figure 3. The phonon transport of nanotwinned and flawless Mg2Si. (a) Brillouin zone and high-symmetry 
paths in FCC Mg2Si. (b) Phonon band structures and (c) Phonon density of state (PDOS) of flawless Mg2Si. 
(d) Brillouin zone and high-symmetry paths in hexagonal nanotwinned Mg2Si. (e) Phonon band structures 
and (f) PDOS of nanotwinned Mg2Si. 
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Figure 4: 
 
 
 
Figure 4. Phonon lifetimes as a function of phonon frequencies for nanotwinned and flawless Mg2Si at 
room temperature. This shows that the lifetimes are dramatically lower for the nanotwinned Mg2Si. 
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Figure 5:  
 
 
Figure 5. Phonon scattering rates of three-phonon absorption (Г+) and emission (Г-) processes for (a) 
flawless Mg2Si and (b) nanotwinned Mg2Si, respectively. This shows that the scattering rates are 
dramatically faster for the nanotwinned Mg2Si. 
  
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
19 
 
Figure 6: 
 
Figure 6. Cumulative contributions to thermal conductivity as a function of phonon MFP at room 
temperature for flawless and nanotwinned Mg2Si. 
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Primitive cell of nanotwinned Mg2Si after relaxation 
 
 
Figure S1. Primitive cell of nanotwinned Mg2Si along the (a) a-c plane and (b) a-b plane, respectively. 
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Average phonon velocity (vs), Grueneisen parameter (γG) calculation method 
 
        The average phonon velocity (vs) is calculated using the following equation [1]: 
1
3
3 3 3
'
1 1 1 1
3s LA TA TA
v
v v v
−
  
= + +   
  
                                                          Eqn. S1 
where vLA, vTA, vTA’ is the three acoustic phonon velocities which is the slope of acoustic phonon 
dispersions. 
         The Gruneisen parameter (γG) is calculated using the following equation [1]: 
2 2
2 2
3 43
2 2
LA s
G
LA s
v v
v v
γ  −=  
+ 
                                                                        Eqn. S2 
where vLA and vs are the LA acoustic phonon velocity and average phonon velocity.  
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Calculated Elastic matrix (Cij) of single crystalline and nanotwinned Mg2Si 
 
 
Table S1. Calculated elastic matrix (Cij) of single crystalline and nanotwinned Mg2Si. The unit of elastic 
constants is GPa. 
System C11 C12 C13 C22 C23 C33 C44 C55 C66 
Flawless Mg2Si 117.0 23.45 - - - - 45.37 - - 
Nanotwinned Mg2Si 88.4 33.4 22.9 - - 122.2 27.6 26.7 - 
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